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ABSTRACT
Massive, rapidly-spinning magnetar remnants produced as a result of binary neutron star (BNS)
mergers may deposit a fraction of their energy into the surrounding kilonova ejecta, powering a syn-
chrotron radio signal from the interaction of the ejecta with the circumburst medium. Here, we present
6.0 GHz Very Large Array (VLA) observations of nine, low-redshift short gamma-ray bursts (GRBs;
z < 0.5) on rest-frame timescales of ≈ 2.4− 13.9 yr following the bursts. We place 3σ limits on radio
continuum emission of Fν . 6− 20µJy at the burst positions, or Lν . (0.6− 8.3)× 1028 erg s−1 Hz−1.
Comparing these limits with new light curve modeling which properly incorporates relativistic ef-
fects, we obtain limits on the energy deposited into the ejecta of Eej . (0.6 − 6.7) × 1052 erg
(Eej . (1.7 − 14.1) × 1052 erg) for an ejecta mass of 0.03M (0.1M). We present a uniform re-
analysis of 27 short GRBs with 5.5-6.0 GHz observations, and find that & 50% of short GRBs did not
form stable magnetar remnants in their mergers. Assuming short GRBs are produced by BNS mergers
drawn from the Galactic BNS population plus an additional component of high-mass GW194025-like
mergers in a fraction fGW190425 of cases, we place constraints on the maximum mass of a non-rotating
neutron star (NS) (MTOV), finding MTOV . 2.4M for fGW190425 = 0.4. The detection (or lack
thereof) of radio remnants in untargeted surveys such as the VLA Sky Survey (VLASS) could provide
more stringent constraints on the fraction of mergers that produce stable remnants. If & 100 − 1000
radio remnants are discovered in VLASS, this suggests that short GRBs are a biased population of
BNS mergers in terms of the stability of the remnants they produce.
Keywords: Gamma-ray burst: general – stars: neutron – magnetar
1. INTRODUCTION
The detection of gravitational waves (GWs) has en-
abled the first definitive discoveries of binary neutron
star (BNS) mergers (Abbott et al. 2017b, 2020). Of
particular interest is the nature of the neutron star
(NS) remnant produced by such mergers (e.g., Bernuzzi
2020) and how long it survives after the coalescence
before collapsing to a black hole (BH), as this is di-
rectly tied to the luminosity and evolution of the re-
sulting electromagnetic signature (e.g. Margalit & Met-
∗ NASA Einstein Fellow
zger 2019). Among the many open questions is whether
BH formation is always requisite for the production for
an ultra-relativistic short gamma-ray burst (GRB) jet
(e.g. Murguia-Berthier et al. 2017), or whether a long-
lived magnetized NS remnant (“magnetar”) could also
be the engine of some bursts (e.g. Zhang & Me´sza´ros
2001; Metzger et al. 2008; Mo¨sta et al. 2020).
The nature of the merger remnant is particularly
sensitive to the total initial mass of the binary, and
indeed the first two BNS mergers, GW170817 and
GW190425, had distinct total masses of 2.74+0.04−0.01M
and 3.4+0.3−0.1M (Abbott et al. 2017b, 2020), supporting
the existence of diverse properties of the merger rem-
nants and resulting EM signatures. The existence of an
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indefinitely stable, hyper- or supra-massive NS remnant
(where the difference depends on whether differential
rotation is required to stabilize the remnant; e.g. Shi-
bata & Taniguchi 2006), depends sensitively on the total
mass of the system relative to various threshold masses
which scale with the TolmanOppenheimerVolkoff mass,
MTOV (the maximum stable mass of a cold non-rotating
NS). The most massive binaries are expected to un-
dergo prompt collapse to a BH (e.g. Bauswein et al.
2013), while lower mass binaries can remain stable for
timescales significantly longer, until the critical amount
of angular momentum is removed via magnetic dipole
spin-down. In some cases where the mass of the binary
is sufficiently low, the merged object may remain in-
definitely stable as a NS, even once it has spun down
completely (e.g. Giacomazzo & Perna 2013).
The value of MTOV is uncertain observationally but
is of particular interest because it is sensitive to the
unknown equation of state of the NS (Lattimer &
Prakash 2016). Lower limits on MTOV are available
from the masses of pulsars, with the most constraining
at present being MTOV > 2.14
+0.09
−0.10M from the mass
of J0740+6620 (Cromartie et al. 2020). However, BNS
mergers offer one of the few potential probes of upper
limits on MTOV (e.g. Lawrence et al. 2015; Margalit &
Metzger 2017; Shibata et al. 2019).
If the merger remnant survives even for a brief period
of time, the additional reservoir of rotational energy −
if coupled effectively to its surroundings − will substan-
tially boost the kinetic energy of the merger ejecta. As
the latter interacts with the circum-merger environment,
it will decelerate via a shock, generating synchrotron
emission that is predicted to peak at ∼GHz frequen-
cies on ∼year timescales, depending on the properties of
the shock and the environment (Nakar & Piran 2011).
As pointed out by Metzger & Bower (2014), this sig-
nal could be greatly enhanced in the case of a long-
lived magnetar remnant relative to mergers that result
in prompt BH formation. The existence of a long-lived
NS remnant can also have a significant effect on the color
and evolution of the resulting “kilonova” signature (Yu
et al. 2013; Metzger & Ferna´ndez 2014; Kasen et al.
2015), as well as the early-time X-ray signatures of the
merger (e.g. Metzger & Piro 2014), which can in princi-
ple be probed by follow-up observations of GW events.
Cosmological short-duration γ-ray bursts (GRBs),
which are detected to z ≈ 2 (Fong et al. 2017) and
originate from BNS (and/or possibly NS-BH) mergers
(Berger 2014; Abbott et al. 2017a; Gompertz et al.
2020), provide a promising route to place constraints
on the nature of the remnant. They have been dis-
covered and well-localized since 2004 by NASA’s Neil
Gehrels Swift Observatory (Gehrels et al. 2004) and pro-
vide the necessary long time baseline required to match
the ≈ 1 − 10 year peak timescales of the predicted ra-
dio signatures. Indeed, previous radio studies of short
GRBs on year to several year timescales after the events
have endeavored to constrain the nature of the BNS
remnant. All such studies have yielded non-detections,
translating to upper limits on the kinetic energy scales
of . 1053 − 1054 erg (Metzger & Bower 2014; Horesh
et al. 2016; Fong et al. 2016b; Klose et al. 2019; Liu
et al. 2020). A few of these studies were based on sim-
pler analytical models (Nakar & Piran 2011) that break
down in the low-density, low ejecta mass regime in which
relativistic effects are increasingly important. Recent
modeling developments which have incorporated rela-
tivistic effects and the “deep-Newtonian” regime, cou-
pled with deeper observations, have placed constraints
on the energy imparted from the remnant of . 1052 erg.
Some previous studies have concentrated on those with
anomalous X-ray emission, X-ray “plateaus”, or ex-
tended emission (Metzger & Bower 2014; Fong et al.
2016b), as these have been attributed to the formation
of magnetars (Bucciantini et al. 2012). Others have fo-
cused on short GRBs with candidate kilonovae (Horesh
et al. 2016) or radio continuum surveys of short GRBs to
look for optically obscured star formation (Klose et al.
2019).
Here, we take a different approach from previous stud-
ies, and target low-redshift short GRBs (z . 0.5), ag-
nostic to their X-ray behavior or association to kilono-
vae. Assuming that these events are associated with
BNS mergers, they provide the deepest constraints on
the fate of the remnant that can be attained from the
short GRB population. In Section 2, we present the
details of our observations of nine short GRBs and in-
troduce additional literature data at 1 − 6 GHz. In
Section 3 we introduce our new light curve model for
highly-energetic kilonova ejecta. In Section 4 we use our
radio limits and the literature data, along with our new
light curve modeling, to determine the allowed ejecta
kinetic energies Eej from short GRBs. In Section 5 we
compare the maximum kinetic energies Eej,max to theo-
retical expectations to place constraints on MTOV, and
explore the role of high-mass, GW190425-like mergers.
In Section 6 we explore future observational prospects
in constraining BNS remnants, with a focus on obser-
vations of cosmological short GRBs, follow up of GW
events, and searches in untargeted radio surveys. We
end with a summary and our conclusions in Section 7.
In this paper, we employ a standard cosmology of H0 =
69.6 km s−1 Mpc−1, ΩM = 0.286, Ωvac = 0.714 (Bennett
et al. 2014).
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2. OBSERVATIONS
2.1. Sample
Our sample comprises nine low-redshift short GRBs
discovered by the Swift/Burst Alert Telescope (BAT)
(Gehrels et al. 2004). The redshifts, determined from
the spectroscopic redshifts of their host galaxies, are
z ≈ 0.16 − 0.46 (Table 1; Bloom et al. 2006a; Gehrels
et al. 2005b; Bloom et al. 2007; Perley et al. 2012;
Cucchiara et al. 2013; de Ugarte Postigo et al. 2014;
Wiersema et al. 2013; Troja et al. 2016; Chornock &
Fong 2015; Castro-Tirado et al. 2015; Lamb et al. 2019).
This sample represents most of the known Swift short
GRBs discovered in 2005-2016 with z . 0.45 and sky
locations observable with the VLA. Based on their BAT
γ-ray light curves, the durations of eight of the bursts are
T90 = 0.024−1.20 s (15-350 keV) while GRB 150424A is
classified as a short GRB with extended emission (Nor-
ris et al. 2015; Lien et al. 2016), resulting in a measured
T90 = 81.0 s. Comparing their γ-ray properties to the
Swift GRB population, all of these events are classified
as short-duration, spectrally-hard GRBs.
Four of the events in the sample have sub-arcsecond
localization from the detection of optical afterglows
(GRBs 130603B, 140903A, 150424A, and 160821B)
while the remaining five events have positional uncer-
tainties of ∼ 2′′ from the detection of their X-ray after-
glows (Evans et al. 2009). Two events, GRBs 130603B
and 160821B, have detected kilonova counterparts based
on their multi-band photometry, with inferred ejecta
masses of 0.03 − 0.08M and 0.011M, respectively
(Berger et al. 2013; Tanvir et al. 2013; Lamb et al. 2019).
2.2. VLA Observations
We observed the positions of nine short GRBs with the
Karl G. Jansky Very Large Array (VLA). Observations
took place between 2019 January 4 and 2019 February 5
UT in either C-configuration or the hybrid CnB config-
uration (PI: Fong, Program 18B-168). Each target was
observed for two hours at a mean frequency of 6.0 GHz
(with lower side-bands and upper side-bands centered at
4.9 GHz and 7.0 GHz, respectively). We used the Com-
mon Astronomy Software Application (CASA) pipeline
products for data calibration and analysis (McMullin
et al. 2007), using 3C147, 3C286, and 3C481 for flux
calibration, and standard sources in the VLA calibrator
catalog for gain calibration. We used CASA/tclean to
image the sources, employing Briggs weighting with a
1 Since January 2018, 3C48 has undergone flaring which may affect
the flux calibration at a level of . 5%. We use 3C48 only for 1
event, GRB 060502B, and expect the effect to be negligible.
robust parameter of 0.5. The average beam size of the
observations is 4.6′′ × 2.9′′. The details of the observa-
tions are listed in Table 1. Other than for GRB 100206A
(described below), we do not detect any radio sources in
or around the GRB positions.
At the position of GRB 140903A, there is severe con-
tamination by the side-lobes of an unrelated 11.3 mJy
source, NVSS 155207+273501 (Condon et al. 1998),
within the pointing field-of-view. To mitigate the ef-
fects of the bright source, the field of GRB 140903A was
calibrated and imaged outside of the standard NRAO
pipeline in order to apply a peeling algorithm (Noordam
2004; Intema et al. 2009) to reduce the sidelobes of the
source. The data were reduced in the CASA framework
using standard calibrations and automatic RFI flag-
ging with the aoflagger program (Offringa et al. 2010,
2012). After an initial round of calibration, the bright
source was subtracted using the “rubbl-rxpackage peel”
workflow described in Williams et al. (2019). The peeled
visibilities were then inverted using multi-frequency syn-
thesis (Sault & Wieringa 1994) to create an image of
1201 pix2, each pixel 0.5′′ on a side. After removing the
contaminating effects of this source, we do not detect a
radio source at the position of GRB 140903A.
To obtain the RMS (σRMS) of each image, we use
the imtool package within pwkit on source-free regions
around the position of each GRB (Williams et al. 2017).
We find σRMS = 2.1 − 6.5µJy, resulting in 3σ upper
limits on the flux density of Fν . 6.3− 19.5µJy.
For GRB 100206A, we detect a source at RA=3h
08m 39.163s, Dec=+13◦09′29.18′′ on the outskirts of
the XRT position (90% confidence; Evans et al. 2009).
This position is coincident with the centroid of the host
galaxy, which is classified as a luminous infrared galaxy
(LIRG; Perley et al. 2012). Employing a point-source
model with imtool, we measure Fν = 60.4 ± 5.0µJy.
We note that the radio flux measured is consistent with
observations taken 5 years prior (Klose et al. 2019), and
we attribute this emission to star formation in the host
galaxy. Using standard relations between the radio flux
and star formation rate (SFR; Yun & Carilli 2002; Per-
ley & Perley 2013), we derive SFR=78 ± 6.5M yr−1,
roughly twice the SFR derived from the optical spec-
troscopy of 20−40M yr−1 (Perley et al. 2012), indica-
tive of obscured star formation. This result is also 1.3
times higher than the determination from radio observa-
tions of 59±10M yr−1 (Klose et al. 2019), with the dis-
crepancy due to minor differences in SFR relations used.
No other radio sources are found in or near the XRT po-
sition, and we thus derive a 3σ limit of Fν . 8.1µJy for
GRB 100206A.
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Table 1. Log of 6.0 GHz VLA Observations of Short GRBs
GRB z UT Date δtrest Fν Lν
(yr) (µJy) (erg s−1 Hz−1)
GRB 050509B 0.225 2019 Jan 10.592 13.683 < 7.8 < 1.2× 1028
GRB 060502B 0.287 2019 Jan 11.942 12.705 < 6.6 < 1.7× 1028
GRB 100206A 0.41 2019 Jan 4.988 8.598 < 8.1 < 4.9× 1028
GRB 130603B 0.356 2019 Jan 12.587 5.614 < 12.3 < 5.4× 1028
GRB 130822A 0.154 2019 Jan 6.941 5.379 < 8.7 < 5.7× 1027
GRB 140903A 0.351 2019 Feb 5.391 4.427 < 19.5 < 8.3× 1028
GRB 150120A 0.46 2019 Jan 14.063 3.986 < 6.3 < 5.1× 1028
GRB 150424A 0.3a 2019 Feb 5.308 3.789 < 9.0 < 2.6× 1028
GRB 160821B 0.16 2019 Jan 8.021 2.382 < 8.1 < 5.8× 1027
Note—Upper limits correspond to 3σ confidence.
a The redshift of z = 0.3 quoted for GRB 150424A is based on an association
to a bright, nearby galaxy (Castro-Tirado et al. 2015). However it is possible
that the burst is instead associated with a fainter galaxy at z ≈ 1 (Knust
et al. 2017; Jin et al. 2018). For this paper, we assume z = 0.3.
References for redshifts: (1) Bloom et al. 2006a, (2) Gehrels et al. 2005b,
(3) Bloom et al. 2007, (4) Perley et al. 2012, (5) Cucchiara et al. 2013, (6) de
Ugarte Postigo et al. 2014, (7) Wiersema et al. 2013, (8) Troja et al. 2016,
(9) Chornock & Fong 2015, (10) Castro-Tirado et al. 2015, (11) Lamb et al.
2019.
Using the redshift of each burst, we calculate the spec-
tral luminosity, Lν , as well as the rest-frame time of the
observation since the Swift/BAT trigger, δtrest. The ob-
servations, along with model light curves (Section 4.1)
are shown in Figure 1.
2.3. Literature Data
To supplement our low-redshift sample, we collect all
available radio limits following short GRBs on δtrest &
0.1 year timescales from the literature. We include 9
limits at 1.4 GHz, 2.1 GHz and 3.0 GHz (Metzger &
Bower 2014; Horesh et al. 2016), 17 limits at 5.5 GHz
(Klose et al. 2019) and 9 limits at 6.0 GHz from our
previous work (Fong et al. 2016b). For each burst,
we compute the 3σ limit in flux density, and use the
redshift of the burst to convert to a 3σ upper limit in
Lν . When considering both this work and the literature
sample, there are multiple observations for seven events
(GRBs 050724, 070724A, 051221A, 060502B, 100206A,
130603B, 150424A). The total number of short GRBs
with deep observations on these timescales is thus 27
bursts. The literature data are also shown in Figure 1.
3. LIGHTCURVE MODELING
In the following, we discuss our new lightcurve mod-
eling. Compared to the analytic framework first laid
out by Nakar & Piran (2011), our present models incor-
porate the full dynamics of a single-velocity-shell ejecta
including the transition between coasting and deceler-
ating phases, relativistic dynamics, relativistic timing
and Doppler effects on the lightcurve, and the deep-
Newtonian regime. These factors combined have impor-
tant effects on the pre-peak behavior of the light curves.
A similar model was also recently applied by Liu et al.
(2020) to a sample of previously-published short GRB
radio limits and we provide a comparison in Section 6.
The radio signatures of kilonovae ejecta were first
discussed by Nakar & Piran (2011) who showed that
this emission typically peaks at the deceleration time,
tdec, at which the ejecta dynamics transition from the
coasting ejecta-dominated phase to the Sedov-Taylor
phase. Nakar & Piran (2011) discussed the case of non-
relativistic ejecta (Γβ . 1) relevant to the initial ejection
velocities of material from BNS mergers. The deposition
of additional energy into this ejecta by a long-lived mag-
netar remnant would accelerate this ejecta to potentially
relativistic velocities. As this is precisely the scenario we
wish to constrain, we extend the Nakar & Piran (2011)
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Figure 1. 6.0 GHz spectral luminosity, Lν versus rest-frame time δtrest of the nine low-z short GRBs in our sample (purple
triangles), where triangles denote 3σ upper limits. Also shown are all short GRBs with radio observations at δtrest & 0.1 years
taken at 5.5 GHz and 6.0 GHz with ATCA and the VLA (gray triangles; Fong et al. 2016b,Klose et al. 2019) and with the VLA
at 1− 3 GHz (open gray triangles; Metzger & Bower 2014; Horesh et al. 2016). Lines connect observations for the same burst.
These limits are compared to 6.0 GHz light curve models computed for two sets of fixed ejecta mass Mej = 0.03 and 0.1M and
ejecta energies Eej = 10
52 and 1053 erg at varying densities of n0 = 10
−4−1 cm−3, and fixed parameters p = 2.4, e = B = 0.1.
We note that a direct comparison to the 1-3 GHz limits requires an increase to the models by a small correction factor of . 3
(∝ ν−(p−1)/2). However, we show all existing radio limits here for completeness. Also shown is the latest published 6.0 GHz
limit for GW170817 (hatched triangle; Hajela et al. 2019).
model to account for relativistic dynamics of the ejecta
and relativistic effects on the resulting lightcurve (see
also Hotokezaka & Piran 2015; Horesh et al. 2016; Liu
et al. 2020).
The dynamics of an ejecta with kinetic energy Eej
and mass Mej depend on its initial Lorentz factor
Γ0 = 1 + Eej/Mejc
2 and corresponding velocity β0c =
c(1− Γ−20 )1/2, in combination with the ambient density
n0. With these parameters, the characteristic timescale
(in the observer frame) at which the radio light-curve
peaks is (Hotokezaka & Piran 2015)
tdec ∼
(
3Eej
4pimpc5n0Γ0(Γ0 − 1)β30
)1/3
(1 + z)
Γ20
, (1)
where the final term (1 + z)/Γ20 is responsible for trans-
forming between the blast-wave rest-frame and the ob-
server frame, and accounts for cosmological redshift of
the source.
We model the ejecta dynamics within the “homoge-
neous shell approximation” following Pe’er (2012) (see
also Huang et al. 1999; Nava et al. 2013). This one-zone
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model allows us to numerically integrate the forward-
shock dynamics for arbitrary Γ0 and correctly reproduce
the coasting phase at t  tdec and Blandford-McKee
(Sedov-Taylor) solutions in the ultra-relativistic (non-
relativistic) regimes at t tdec.
We calculate synchrotron emission from the shocked
material assuming electrons at the shock-front are ac-
celerated into a non-thermal population that shares
a fraction e of the shock power, and that magnetic
fields are amplified behind the shock-front such that
B =
√
8piButh where uth is the post-shock thermal en-
ergy density and B a constant < 1 (e.g. Sari et al.
1998).
We account for effects of the deep-Newtonian regime
on the non-thermal electron distribution (Sironi & Gi-
annios 2013), relevant when the ejecta velocity is .
0.2c (¯e/0.1)
−1/2
, where ¯e ≡ 4e(p − 2)/(p − 1) and
2 < p < 3 is the power-law index describing the non-
thermal electron distribution, dNe/dγ ∝ γ−p at γ ≥ γm
(where γ is the electron Lorentz factor). In the deep-
Newtonian regime, the minimal Lorentz factor of shock-
accelerated electrons is (γm − 1) . 1 and only a small
fraction of electrons are accelerated to γ & 2 where they
can emit synchrotron radiation. This has an important
impact on the resulting radio light-curves.
For most of the physically-relevant parameter space,
emission at ∼GHz radio frequencies is in the slow-
cooling optically-thin regime; however our model also
fully allows for fast-cooling electrons (following Sari
et al. 1998). Synchrotron self-absorption is taken into
account in an approximate manner, by limiting the
spectral luminosity to a maximum defined by Lν =
8pi2ΓR2kT (γ)ν′2/c2 where R is the blast-wave radius,
kT (γ) ≈ γmec2/3, γ = max
[
γm, (2pimecν
′/eB)1/2
]
,
and ν′ is the emission frequency in the blast-wave
rest frame, related to the observed frequency through
ν′ ≈ νΓ(1 − β)(1 + z). We find that synchrotron self-
absorption is only relevant in a small subset of cases
where the initial ejecta Lorentz factor is very large (large
Eej and small Mej).
Compared to the Nakar & Piran (2011) analytic mod-
els that were used in Metzger & Bower (2014), Fong
et al. (2016b), and Klose et al. (2019), relativistic effects
(for high Eej) cause the light-curve to peak earlier (by a
factor of ∼ Γ−8/30 ; eq. 1) and at a larger flux. Relativistic
effects were first accounted for by Horesh et al. (2016),
with a slightly different dynamical model than we adopt
here. Their model, based on Piran et al. (2013), pro-
duces the correct temporal scaling laws in the coast-
ing, Blandford-McKee, and Sedov-Taylor regimes, how-
ever may differ by factors of order unity from the exact
quantitative dynamics implied by these analytic solu-
tions. The strong dependence of the radio luminosity on
blast-wave velocity (∝ β(5p−3)/2 in the non-relativistic
non-deep-Newtonian regime) implies that even factor of
∼two differences in velocity can amount to an &order-
of-magnitude difference in luminosity. We have carefully
verified that our model asymptotes to the exact coast-
ing / Blandford-McKee / Sedov-Taylor solutions in the
appropriate limits, including subtleties of distinguishing
between ejecta (contact discontinuity) and shock veloc-
ities that are neglected in some models.
As in previous work, our model assumes spherical
symmetry (though see Margalit & Piran 2015) and does
not account for velocity-structure of the ejecta. The
latter amounts to a conservative assumption: a radial
velocity profile would enhance the early (. tdec) light-
curve leading to more stringent upper-limits on Eej.
Finally, we note that our model is geared towards con-
straining highly-energetic kilonova ejecta due to possible
magnetar energy deposition. Radio emission from “nor-
mal” kilonovae ejecta, with Eej ∼ 1051 erg, may in fact
be inhibited for a significant period of time due to inter-
action of the GRB jet with the ambient medium ahead
of the ejecta (Margalit & Piran 2020). Our model does
not account for this effect, which is likely negligible for
highly-energetic (fast) ejecta.
4. SHORT GRB REMNANT KINETIC ENERGY
CONSTRAINTS
Here, we use the radio limits derived in Section 2 and
the light curve modeling described in Section 3 to con-
strain the magnetar remnant energy that is transferred
to the ejecta as kinetic energy (Eej) in short GRBs.
4.1. Lightcurve Comparisons
We generate model light curves for a range of circum-
burst densities to represent those inferred from broad-
band analysis of short GRB afterglows, n0 = 10
−4 −
1 cm−3 (Figure 1; Fong et al. 2015). We compute light
curves for two sets of ejecta masses, Mej = 0.03M and
0.1M, which are chosen to represent the range of in-
ferred ejecta masses for kilonovae following short GRBs
(Ascenzi et al. 2019) and GW170817 (Mej ≈ 0.05M;
Villar et al. 2017; Arcavi 2018). We also choose two
fiducial kinetic energies deposited into the ejecta, Eej =
1052 erg and 1053 erg, where the former represents a
typical energy extractable from a supramassive neutron
star (e.g., Margalit & Metzger 2019), while the latter
represents the maximum energy that can be extracted
from a magnetar with M = MTOV ∼ 2.2M (Metzger
et al. 2015a). We fix the value of ν = 6 GHz, p = 2.4,
e = 0.1, B = 0.1, and ζe = 1, where ζe is the fraction
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of electrons participating in diffusive shock acceleration
out of total electrons. The resulting model light curves
(Lν versus δtrest), grouped by ejecta mass and ejecta
energies, are displayed in Figure 1.
As expected, we find that the radio signal is brightest
for the Mej = 0.03M and Eej = 1053 erg case, and the
predicted luminosities decrease for larger values of ejecta
mass and lower ejecta energies. In addition, for a given
set of fixed parameters, the peak timescales increase
as density decreases; this can be intuitively explained
since shocks in lower density environments take longer to
sweep up a mass comparable to their own (Equation 1).
A basic comparison to the low-redshift short GRB limits
shows that in the most optimistic case, models with ex-
tremely low densities of n0 & 10−4 cm−3 are ruled out.
Moreover, in the most pessimistic case (Mej = 0.1M,
Eej = 10
52 erg), the low-redshift short GRB limits still
provide meaningful constraints of n0 . 0.01− 0.1 cm−3
(Figure 1). Overall, the short GRB limits presented
here, in the context of new light curve modeling, are sig-
nificantly more constraining than many previous works
(Metzger & Bower 2014; Fong et al. 2016b; Klose et al.
2019; Liu et al. 2020).
4.2. Afterglow Parameter Constraints
Since there are degeneracies between model parame-
ters, we first collect available constraints on the value
of p, B , and n0 from existing broad-band afterglow
fitting. For the low-redshift sample presented here,
only GRB 130603B has determined values for n0 =
0.09+0.04−0.03 cm
−3 and p = 2.70 (e = B = 0.1; Fong
et al. 2015).
For GRBs 050509B, 150424A, 160821B, we use avail-
able afterglow data at early times to place constraints
on these parameters. We use the standard synchrotron
model for a relativistic blast-wave (Granot & Sari 2002),
which provides a mapping of the afterglow spectral
and temporal evolution to the isotropic-equivalent af-
terglow kinetic energy (EK,iso), n0, e and B . For
GRB 050509B, we use the X-ray afterglow detection
(Swift/XRT; Gehrels et al. 2005a), as well as the optical
(Bloom et al. 2006b) and radio upper limits (van der
Horst et al. 2005) to determine a value of p = 2.52 and
a limit on the circumburst density of n0 . 0.015 cm−3
for e = B = 0.1 (Table 2). For GRB 150424A, we
use the X-ray (Evans et al. 2009), optical (Marshall
& Beardmore 2015) and 9.8 GHz VLA (Program 15A-
235; updated from Fong 2015) afterglow detections to
determine a value of p = 2.40 and a low density of
n0 = 1.3
+2.0
−0.9 × 10−3 cm−3 (assuming e = B = 0.1).
Finally, for GRB 160821B, we use the X-ray (Evans
et al. 2009), optical (Lamb et al. 2019) and 5.0 GHz
VLA detection (Program 15A-235; updated from Fong
et al. 2016a) to determine p = 2.36, B = 0.01, and
n0 = 0.13
+0.05
−0.04 cm
−3 (assuming e = 0.1; Table 2).
For the remaining short GRBs in the low-redshift sam-
ple, the afterglow data are too sparse to adequately con-
strain these parameters. Thus, we assume fiducial values
for these bursts (Table 2 and Section 4.3). We also col-
lect measurements or constraints on the value of p and
n0 for 18 additional short GRBs with radio limits at
5.5 and 6.0 GHz (Fong et al. 2016b; Klose et al. 2019)
from Fong et al. (2015). The afterglow parameters for
all short GRBs used in this work are summarized in Ta-
ble 2.
4.3. Inferred Limits on Ejecta Kinetic Energies
We next compare the late-time radio observations to
a combination of the deposited energy Eej and circum-
burst density n0, by determining the parameter space
ruled out by each 6.0 GHz limit. For each short GRB in
the low-redshift sample, we generate a grid of 62, 500
models with the appropriate values of p and B in-
ferred from the broad-band afterglow, with e = 0.1
and ζe = 1.0 (Table 2). For bursts which lack avail-
able information, we assume fiducial values of p = 2.4
and B = 0.1. We also re-analyze GRB 050724A first
presented in Fong et al. (2016b), using the appropriate
values for B and n0.
The fixed Eej − n0 grid is defined by 250 log-spaced
points in each parameter, with the ranges Eej = 10
50 −
1054 erg and n0 = 10
−6 − 102 cm−3. The mini-
mum and maximum circumburst densities are chosen
to represent the extremes in which short GRBs are ex-
pected to occur, from a low value for the intergalac-
tic medium (IGM) particle densities to those of star-
forming regions. We note that the median density of
short GRBs, commensurate with their kicked progeni-
tors, is n0 ≈ 10−3 − 10−2 cm−3 (Fong et al. 2015).
To translate these models to a Eej − n0 parameter
space, for each model we calculate the value of Fν at
the rest-frame time of observation (δtrest). This flux
mapping is displayed as a gray-scale gradient in Fig-
ure 2. We also determine the corresponding solution
(solid purple line) represented by the measured limit,
where the parameter space below each limit is allowed
while parameter space above each limit is ruled out (Fig-
ure 2). Notably, most of the solutions corresponding to
the low-redshift events can rule out parameter space be-
low the 1053 erg maximum energy for a wide range of
densities. For a direct comparison, we derive the same
solution using the analytical models from Nakar & Pi-
ran (2011), shown as a black dashed line. As expected,
our models deviate significantly from the analytical so-
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Table 2. Short GRB Afterglow and Neutron Star Remnant Properties
GRB z n0 p εB Eej,max (0.03M) Eej,max (0.1M)
(cm−3) (1052 erg) (1052 erg)
This work
GRB 050509B 0.225 < 0.015 2.52 0.1 0.56-9.37a 1.32-27.4a
GRB 060502B 0.287 0.01 2.4 0.1 0.63 1.65
GRB 100206A 0.41 0.01 2.4 0.1 0.98 2.77
GRB 130822A 0.154 0.01 2.4 0.1 0.61 1.98
GRB 130603B 0.356 0.09+0.04−0.03 2.70 0.1 0.65 1.77
GRB 140903A 0.351 3.40+2.9−1.6 × 10−3 2.27 0.001 6.72 14.08
GRB 150120A 0.46 0.01 2.4 0.1 1.32 4.31
GRB 150424A 0.3 1.29+2.0−0.86 × 10−3 2.40 0.1 2.22b 7.23b
GRB 160821B 0.16 0.13+0.05−0.04 2.36 0.01 0.56 1.77
Fong et al. 2016
GRB 050724A 0.257 0.89+0.58−0.49 2.29 0.0001 5.79 6.01
GRB 051221A 0.546 0.03+0.006−0.005 2.24 0.1 1.14 2.57
GRB 070724A 0.457 1.90+12.0−1.6 × 10−5 2.24 0.1 9.03 25.45
GRB 080905A 0.122 1.30+33.0−1.2 × 10−4 2.06 0.1 3.09 9.73
GRB 090510 0.903 1.20+5.5−1.0 × 10−5 2.65 0.1 16.94 44.32
GRB 090515 0.403 0.01 2.4 0.1 1.47 4.15
GRB 100117A 0.915 0.04+0.03−0.01 2.36 0.1 2.06 5.38
GRB 101219A 0.718 4.60+59.0−4.3 × 10−5 2.73 0.1 10.09 29.5
Klose et al. 2019
GRB 061006 0.438 2.20+16.0−1.9 × 10−5 2.39 0.1 10.09 27.4
GRB 061201 0.111 5.00+66.0−4.6 × 10−5 2.35 0.1 3.58 11.28
GRB 061210A 0.41 0.01 2.4 0.1 1.47 3.86
GRB 070729 0.8 0.01 2.4 0.1 3.09 6.72
GRB 070809 0.219 2.20+15.0−1.9 × 10−5 2.12 0.1 6.97 21.15
GRB 080123 0.496 0.01 2.4 0.1 1.91 5.38
GRB 090621B 0.5c 0.05+0.06−0.02 2.64 0.1 1.27 3.09
GRB 100816A 0.805 0.01 2.4 0.1 1.77 5.58
GRB 101224A 0.454 0.01 2.4 0.1 1.84 5.38
GRB 130515A 0.5c 0.01 2.4 0.1 2.47 7.79
Note—Upper limits, Eej,max calculated for two ejecta masses, Mej = 0.03M and Mej = 0.1M
at the median inferred density inferred from the afterglow. If afterglow constraints do not exist,
we use fiducial values, p = 2.4, n = 0.01 cm−3, e = 0.1, and B = 0.1.
a Range is quoted corresponding to n0 = 10
−6 − 0.015 cm−3 where the upper bound is set by
the afterglow parameters.
b We note that if we assume z = 1 for GRB 150424A, the values for Eej,max = 4.47 (for 0.03M)
and Eej,max = 14.08 (for 0.1M).
c Redshift is set to a fiducial value of 0.5 for GRBs with no known redshift
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Figure 2. Ejecta energy Eej versus circumburst density n0 parameter space for ten short GRBs (nine in this work, and
GRB 050724A from Fong et al. 2016b) for two ejecta masses, Mej = 0.03M (left) and Mej = 0.1M (right). The solution for
each GRB is shown (purple solid line), in which parameter space above the line is ruled out and parameter space below the line
is allowed. Also shown is the flux density solution for each GRB at the rest-frame time of the observation (gray-scale map), and
contours (indigo dotted lines) that are spaced by 104 µJy. The purple shaded region corresponds to the density constraints used
from afterglow measurements, with a fiducial range of n0 = (0.2 − 5) × 10−2 cm−3 if no constraint is available. The triangle
in each frame is the upper limit placed on Eej at the median density. A comparison to the analytical model solution (black
dashed line; Nakar & Piran 2011) demonstrates that the largest deviations are for high values of Eej and low values of n0. A
gray horizontal line at 1053 erg denotes the maximum extractable energy expected for a stable magnetar with M ∼ 2.2M.
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lutions in the high-energy, low-density parameter space
when relativistic effects are expected to be strongest (see
also, Liu et al. 2020).
We determine the upper limit on the energy for each
burst (Eej,max), by imposing a density prior and fixing
the densities to those derived from the broad-band af-
terglow (Section 4.2; Table 2).
The values of Eej,max for the ten bursts for both ejecta
mass scenarios are shown in Figures 2 and also listed
in Table 2. Finally, motivated by the fact that some
short GRBs have low inferred values of B , and this in
turn has an effect on the inferred maximum energies,
we calculate solutions in the Eej − n0 parameter space
for B = 0.01 and B = 10
−4. Decreasing B overall
weakens the constraints on the parameter space (Fig-
ure 3). However, a lower value of B also results in an
increase in the inferred circumburst density (Granot &
Sari 2002). The end result is a slight increase in the
values of Eej,max: for instance, for GRB 130603B a fac-
tor of 10 decrease from B = 0.1 to B = 0.01 results
in an increase in the ejecta energy limit by a factor of
≈ 1.7 (Eej,max = 0.65 × 1052 erg to 1.10 × 1052 erg for
Mej = 0.03M).
To constrain the fastest ejecta deposited by a mag-
netar remnant in the BNS merger GW 170817 (Abbott
et al. 2017b), we perform the same analysis to create
an E − n0 parameter space. We use the median of
the physical parameters determined by Hajela et al.
(2019) of p = 2.15, e = 0.18, and B = 0.0023 (see
also: Makhathini et al. 2020). We set the ejecta mass
to be M = 0.05M (Villar et al. 2017; Arcavi 2018).
This flux mapping is displayed as gray-scaled gradient
in Figure 4. We also determine the corresponding so-
lution (solid purple line) represented by the measured
3σ limit at δtrest ≈ 2 years of Fν < 8.4µJy (Hajela
et al. 2019). We determine the upper limit on the en-
ergy for GW 170817 by imposing a density prior and
fixing the density to 2.5 × 10−3 cm−3. We find a value
of Eej,max = 1.32× 1052 erg (Figure 4).
Finally, we compute the probability distribution func-
tion of ejecta energies for each burst, with and without
the circumburst density prior. We note that without the
density prior, the shape of each distribution is mainly
governed by our choice of density grid and the flux up-
per limit, overall resulting in lower values of Eej,max
(Figure 5). We show both distributions for complete-
ness, as we assumed a fiducial density range for ∼ 1/3
of the sample; however, the results following are based
on use of the density priors. In this analysis, we in-
clude 18 additional bursts with 5.5 and 6.0 GHz obser-
vations from the literature (Klose et al. 2019; Fong et al.
2016b), representing the full available sample of mean-
ingful observations at these frequencies.We use spectro-
scopic redshifts for all events except for two for which
we assume z = 0.5 (the median of the short GRB popu-
lation; Fong et al. 2017). We present a revised redshift
for GRB 101224A of z = 0.454 based on spectroscopy
obtained with the Large Binocular Telescope (LBT; PI
Fong), which we use in this analysis. We combine the
PDFs and normalize the area under the PDF to unity, to
create cumulative distribution functions, shown in Fig-
ure 5.
5. SHORT GRB CONSTRAINTS ON MTOV
5.1. Predictions for Energy Output for varying MTOV
We now compare the constraints on the maximum en-
ergy deposited from neutron star remnants to theoretical
expectations. The characteristic energy scale of kilono-
vae ejecta without additional magnetar energy deposi-
tion is Eej . 1050.5 erg. The rotational energy of a post-
merger remnant magnetar can reach ∼ 1053 erg. If a NS
remnant remains stable for sufficiently long timescales
following merger (&viscous timescale ∼ 0.1− 1s), it can
deposit a large fraction of this rotational energy into
the kilonova ejecta through magnetic-dipole spindown.
Whether or not the merger remnant remains stable long-
enough for this to take place depends sensitively on the
total mass of the binary and MTOV. The mass of merg-
ing binary NSs is measurable for mergers detected by
LIGO, however is inaccessible based on short GRB ob-
servations alone. Thus, predictions for the energy of
merger ejecta associated with short GRBs depend on
the assumed mass-distribution of BNS mergers and the
uncertain value of MTOV.
In Figure 5 we compare the probability distribution of
maximum energy Eej,max obtained from our radio upper-
limits (purple) to model-predicted probability distribu-
tions of Eej (gray) created following Margalit & Met-
zger (2019). We assume the cosmological population of
BNS mergers follows the Galactic double NS distribu-
tion (Kiziltan et al. 2013). We then draw random NS
masses from this distribution and estimate the ejecta
mass and velocity for each pair {m1,m2} based on fitting
formulae to numerical-relativity simulations (Coughlin
et al. 2018). In addition to the dynamical ejecta, we add
a disk-wind ejecta component whose velocity is taken as
0.15c and whose mass is taken to be a fraction 0.4 of
the disk mass (Siegel & Metzger 2017), estimated from
Coughlin et al. (2019) (see also Radice et al. 2018). In
the above we adopt a neutron star radius of 11 km (Ca-
pano et al. 2020), but our results are not sensitive to
this choice.
The procedure above defines a PDF of kilonova ejecta
energy lacking any additional magnetar energy deposi-
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Figure 3. Ejecta energy Eej versus circumburst density n0 parameter space for ten short GRBs for two ejecta masses,
Mej = 0.03M (left) and Mej = 0.1M (right). Curves represent limits for three values of B = 10−1 (fiducial), 10−2, and 10−4,
except in the case of GRB 140903A in which the additional line represents the best-fit B = 10
−3. The purple shaded regions
correspond to the density constraints from the afterglow, or the fiducial range if no constraints were found. Triangles correspond
to the value of Eej,max of the median density inferred for the fiducial value of B = 0.1, except in the cases of GRB 140903A
(B = 10
−3), GRB 160821B (B = 0.01), and GRB 050724A (B = 10−4). GRB 130603B has two available B − n0 solutions,
leading to two values displayed for Eej,max. A gray horizontal line at 10
53 erg denotes the maximum extractable energy expected
for a stable magnetar with M ∼ 2.2M.
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Figure 4. Ejecta energy Eej versus circumburst den-
sity n0 parameter space for GW 170817 for ejecta mass
Mej = 0.05M and microphysical parameters e = 0.18 and
B = 0.0023, found by Hajela et al. 2019. The solution for
GW 170817 is shown (purple solid line), in which parameter
space above the line is ruled out and parameter space below
the line is allowed. Also shown is the flux density solution for
GW 170817 at the rest-frame time of the observation (gray-
scale map), and contours (indigo dotted lines) spaced by
104 µJy. The purple shaded region corresponds to the den-
sity constraints used from afterglow measurements. A gray
horizontal line at 1053 erg denotes the maximum extractable
energy expected for a stable magnetar with M ∼ 2.2M.
tion. Such energy deposition is then taken into account
as a function of the merger remnant mass (Mbrem = m
b
1+
mb2−Mbej, where superscript “b” denotes baryonic mass)
with respect to MTOV. We approximate this function as
T = Tmax
(
Mbrem/M
b
TOV
)α
for Mbrem ≤ MbTOV and T =
Tmax
[(
ξ −Mbrem/MbTOV
)
/ (ξ − 1)]β for Mbrem > MbTOV,
with Tmax = 10
53 erg, ξ = 1.18, α = 2.35, and β = 1.3.
These parameters were found to reasonably approximate
the extractable magnetar rotational-energy for a range
of EOS tested with the RNS code (Stergioulas & Fried-
man 1995), and ensure that T = 0 (no magnetar en-
ergy deposition) for neutron stars that collapse before
reaching solid-body rotation (Mbrm & ξMbTOV). For sys-
tems with long-lived magnetar remnants we add the ex-
tractable rotational-energy T to the total kilonova ejecta
energy, essentially assuming an efficiency ζ = 1 for this
energy deposition process. As illustrated in Figure 5, the
resulting predicted distributions for all values of MTOV
is bimodal, with Eej > 10
52.5 erg, representing “long-
lived” remnants with magnetar energy deposition and
Eej . 1050.5 erg representing “normal” kilonova ejecta
energies (without a magnetar energy boost). We note
that these Eej model predictions do not depend on ra-
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Figure 5. Top: Probability distribution functions for the
upper limits on the kinetic energies, Eej, allowed by ra-
dio observations of 27 short GRBs for ejecta masses of
Mej = 0.03M (left) and 0.1M (right). PDFs represent
an “upper limit” distribution and are shown for the sample
with no density prior (dashed purple lines), in which case the
shape of the distribution is mainly controlled by the choice
of density grid and flux upper limits; and including the den-
sity prior (solid purple lines). Also shown are predictions
for a range of MTOV = 2.0− 2.4M (gray-scale lines). Bot-
tom: Cumulative distribution functions for the observed and
predicted distributions.
diation physics nor in particular on the microphysical
parameters e, B , p, and ζe.
For Mej = 0.03M, the majority of the observa-
tional energy constraints are concentrated in the region
Eej ≈ 1051.5 − 1053.5, with a median upper limit of
≈ 1052.5 erg. A basic comparison of the existing short
GRB limits to expectations demonstrates that we can
rule out MTOV = 2.4M models. Moreover, the lim-
its rule out the maximum expected energy outputs for
MTOV = 2.2M and 2.3M models.
5.2. The Role of High-mass BNS Mergers
A major assumption in the estimates of the previous
subsection is that short GRBs are produced exclusively
by BNS mergers which track the Galactic double NS
mass distribution. The recent detection of GW190425
by the LIGO and Virgo GW detectors (Abbott et al.
2020) is a clear counter-example to this assumption, as
its total mass is 5σ above the mean Galactic NS bi-
nary population (though there is no observational proof
that GW190425-like events produce short GRBs). If a
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large fraction of mergers involve high-mass systems akin
to GW190425 then the constraints on MTOV would be
weakened. This is due to the fact that only mergers with
a total mass . ξMTOV can produce long-lived magnetar
remnants capable of enhancing the ejecta energy. The
effect would be similar if a large fraction of short GRBs
originated from NS-BH mergers (e.g., Gompertz et al.
2020).
To investigate this in a more quantitative way, we add
a population of “high-mass”, GW190425-like BNS sys-
tems to our analysis. We take the mass of these systems
to be m1 = m2 = 1.65M motivated by GW190425
(Abbott et al. 2020), and parameterize the fractional
contribution of this high-mass population to the to-
tal BNS population as fGW190425. In this notation,
fGW190425 = 0 corresponds to a purely Galactic dou-
ble neutron star mass distribution, while fGW190425 = 1
corresponds to one with only high-mass GW190425-like
systems (clearly at odds with GW170817). We then
perform a series of calculations for a grid of MTOV and
fGW190425 values: for each set of parameters we produce
a model CDF for Eej (as in Figure 5, but with the ad-
dition of the high-mass GW190425-like population); the
conditional probability of the model parameters given
the data (Eej upper-limits summarized in Table 2) is
then calculated as
P (MTOV, f |data) = P (data|MTOV, f)∫ ∫
P (data|M ′TOV, f ′) dM ′TOVdf ′
,
(2)
where
P (data|MTOV, f) =
∏
i
P
(
Eej < E
(i)
ej,max
∣∣∣MTOV, f) ,
(3)
and we have introduced the shorthand notation f ≡
fGW190425. Equation (2) implicitly assumes a uniform
prior P (MTOV, f) = constant. Finally, the index i
runs over all sources in Table 2 and the term P (Eej <
E
(i)
ej,max|MTOV, f) in Equation (3) is calculated using the
model CDFs.
Figure 6 shows the joint constraints on the MTOV–
fGW190425 parameter-space, calculated using the Mej =
0.1M limits in Table 2. The probability density func-
tion P (MTOV, f |data) is plotted in the bottom panel,
where purple contours demarcate the region to the left
of which 1σ, 2σ, and 3σ of the cumulative probabil-
ity is contained. As discussed above, the constraints
on MTOV are reduced for a larger fraction of high-mass
mergers (large fGW190425) because such mergers do not
form long-lived magnetars that can enhance the kilo-
nova ejecta energy to & 1052 erg, comparable to our
radio limits. The top panel of Figure 6 shows the
marginalized MTOV CDF (purple), in addition to the
CDF at fixed fGW190425 = 0 (grey) and fGW190425 = 0.4
(black). 2σ upper-limits on MTOV based on these CDFs
are plotted with corresponding vertical dashed curves.
For fGW190425 = 0 the limits implied by the model
necessitate MTOV . 2.2M. This is comparable to
or slightly deeper than other current limits on MTOV,
which is constrained by massive-pulsar observations to
MTOV & 2.0M (Demorest et al. 2010; Antoniadis et al.
2013; Cromartie et al. 2020) and by observations of
GW170817 to MTOV . 2.2 − 2.3M (Margalit & Met-
zger 2017; Shibata et al. 2019). However, larger val-
ues of fGW190425 relax this MTOV constraint. The ratio
between the median total LIGO-inferred rate of BNS
mergers and the median rate of BNS mergers akin to
GW190425 (RGW190425) suggests fGW190425 ∼ 0.4, al-
beit with large uncertainties given the small sample size
(Abbott et al. 2020). For this value of fGW190425 = 0.4,
we find MTOV . 2.4M.
Compared to direct pulsar-mass measurements or
even multi-messenger constraints from GW170817, the
methodology we have developed here for constraining
MTOV is far more sensitive to various systematic uncer-
tainties. This method is statistical in nature and relies
on a description of the, a-priori unknown, mass distri-
bution of merging NSs (e.g. Lawrence et al. 2015; and
see e.g. Lasky et al. 2014 for an analogous methodol-
ogy in the context of the magnetar-model for short GRB
X-ray plateaus). Here we have assumed that this distri-
bution is a mixture of the observed Galactic double NS
distribution and a population of GW190425-like events
governed by a single free parameter fGW190425, however
the true mass distribution can in principle differ signifi-
cantly from this assumption. Future GW detections will
shed light on the local-Universe population of merging
NSs and can be used to improve this methodology in the
future.
The efficiency ζ of coupling between the magnetar
spin-down energy and the energy deposited into the
ejecta (here assumed to be ζ = 1) can also impact our
results, as can a more conservative (lower) value of B .
If ζ < 1 and the remainder (1− ζ) of the spin-down en-
ergy is emitted as an ultra-relativistic pulsar wind, this
would amount to depositing some fraction of the en-
ergy into even higher-velocity material leading to more
luminous light-curves and stronger constraints on mag-
netar formation. Only in a scenario where 1 − ζ of the
spin-down energy is instead radiated “silently” through
GW losses would our derived constraints be weakened.
However this scenario requires an unusually large NS el-
lipticity or extremely low external dipole field (Ai et al.
2018), which is not expected (e.g. Kiuchi et al. 2014).
Systematics in the numerical-relativity fitting formulae
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Figure 6. Bottom: Joint PDF of the neutron star maximum mass, MTOV, and the fractional contribution fGW190425 of
“high-mass” systems to the total population of BNS mergers (the remainder, 1 − fGW190425, of which is assumed to follow
the Galactic BNS mass distribution). Mergers whose total mass is . ξMTOV ≈ 1.2MTOV are predicted to form “long-lived”
magnetar remnants that would deposit a large amount of energy into the surrounding kilonova ejecta, a scenario that can be
constrained by our radio observations (Table 2; Figure 2). Our radio upper limits can be reconciled with these predictions if few
mergers produce long-lived magnetar remnants, implying small MTOV and/or moderate to large values for fGW190425 (purple
contours, bottom panel). Top: Cumulative MTOV distribution function for fGW190425 = 0 (grey), fGW190425 = 0.4 (black), and
marginalized over fGW190425 (purple). 2σ upper-limits on MTOV are marked with vertical dashed curves, from which we find
MTOV . 2.2 M (2.4 M) for fGW190425 = 0 (0.4).
and approximate magnetar rotational-energy curve we
have adopted can also impact our results, though the
former do not have much affect on the high-Eej distri-
bution most relevant for this study.
6. OBSERVATIONAL PROSPECTS IN
CONSTRAINING BNS REMNANTS
For our low-redshift sample, we find maximum ejecta
energies of Eej,max = (0.6− 6.7)× 1052 erg for an ejecta
mass of 0.03M and Eej,max = (1.7 − 14.1) × 1052 erg)
for 0.1M. This excludes GRB 050509B for which there
is only a density upper limit, and thus we calculate
a wide range of Eej,max ≈ (0.5 − 27) × 1052 erg for
that burst. We present a uniform re-analysis of 8 short
GRBs from Fong et al. (2016b) and our constraints on
Eej,max are deeper by a factor of ∼ 1.1− 12.4 from that
analysis, excluding GRB 050724A for which they quoted
the Eej,max for B = 0.1 and we quote Eej,max for the
more likely value of B = 10
−4. We use the 5.5 GHz
VLA and ATCA limits from Klose et al. (2019), who
were searching for optically obscured star formation in
their host galaxies, for an additional 10 GRBs and find
Eej,max = (1.3− 10.1)× 1052 erg for Mej = 0.03M and
(3.1−27.4)×1052 erg for Mej = 0.1M. Our light curve
model is nearly identical to that presented by Liu et al.
(2020). Our modeling overall provides more constrain-
ing limits on ejecta energies than studies which used the
analytic approximation (Nakar & Piran 2011), and the
models primarily differ in their pre-peak behavior. The
claim by Liu et al. (2020) that their model is signifi-
cantly less constraining at late times than Fong et al.
(2016b) appears to be due to assumptions they make
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about the analytic model. In summary, the constraints
on ejecta energies here are significantly deeper than any
previous study on short GRBs.
Going forward, there are three primary observational
avenues to place constraints on the nature of the rem-
nants produced in BNS mergers: (i) continued observa-
tions of cosmological short GRBs, (ii) follow-up of GW
events, and (iii) searches in untargeted radio surveys,
such as the Very Large Array Sky Survey (VLASS; Lacy
et al. 2020). We briefly explore prospects for each of
these avenues here.
Our low-redshift sample has demonstrated that for
z . 0.5, current deep VLA observations which reach
depths of Fν ≈ 10 − 20µJy can achieve limits of
Eej,max ≈ 1052 erg, ruling out indefinitely stable rem-
nants, and potentially some supramassive remnants. As
demonstrated in Figure 5, the predicted energy distribu-
tion is bimodal, with a low-energy peak at Eej < 10
51 erg
corresponding to kilonovae ejecta whose energy is not
enhanced by magnetar energy deposition. In these cases,
the peak flux density is Fν . 0.1 − 1µJy at ∼GHz fre-
quencies (for z = 0.1 − 0.4), infeasible with current or
planned radio facilities. Thus, while continued follow-
up of short GRBs is an effective way to place limits of
Eej ≈ 1052 erg, it is not possible to constrain energies
well below these values from the cosmological short GRB
population.
The remnants of short GRBs can in principle be
constrained by observations at γ-ray and X-ray wave-
lengths. For instance, anomalous X-ray behavior that
deviates from the standard GRB model, such as ex-
tended emission extending tens to hundreds of seconds
in γ-ray light curves (Bucciantini et al. 2012; Gompertz
et al. 2013; Murase et al. 2018), X-ray plateaus (Rowl-
inson et al. 2013; Lu¨ et al. 2015; Stratta et al. 2018),
and late-time X-ray excess emission on timescales of
& 1 day (Perley et al. 2012; Fong et al. 2014) can all
be interpreted as energy injection from long-lived mag-
netar remnants. The inferred magnetar energies from
these injection sources are consistent with or slightly
lower than those inferred from radio limits, with ≈
(0.3 − 5) × 1052 erg. Among the current sample with
radio observations, 13 events have anomalous X-ray be-
havior (Rowlinson et al. 2013; Lu¨ et al. 2015; Fong et al.
2016b; Lien et al. 2016), and 8 of these have constraints
well below the extractable energy from a stable remnant
of Eej,max < 10
53 erg (Table 2). For these bursts, the
inferred maximum energies from radio observations are
comparable to the inferred injection energies from the
X-ray band.
We can use the short GRB population to quantify the
fraction of indefinitely stable magnetar remnants (e.g.,
those which can effectively transfer 1053 erg of energy
to the environment), fstable. The sample presented here
covers Swift short GRBs discovered over 2005-2016, out
of a total detected 115 events (including 12 short GRBs
with extended emission; Lien et al. 2016). For Mej =
0.03M, we derive Eej,max < 1053 erg (corresponding to
the maximum energy deposited by an indefinitely stable
magnetar with M .MTOV) for 24 short GRBs, or 20%
of the total Swift short GRB population. Thus, we place
a limit of fstable < 0.8.
To date, every short GRB with radio follow-up
observations on the relevant timescales has yielded
non-detections, and the large majority have limits of
Eej,max < 10
53 erg (Table 2). In particular, if the low-
redshift (z < 0.5) subset of short GRBs is representative
of the entire short GRB population in terms of the na-
ture of the remnant, and there is no redshift dependence
in remnant stability once a short GRB is produced, we
can use this population to place a stronger constraint on
the value of fstable. Of the 25 short GRBs at z < 0.5, 18
have radio observations on the relevant timescales, while
12 events have Eej,max < 10
53 erg, ruling out a stable
remnant (Table 2). Thus, we place an additional con-
straint from the low-redshift short GRB population of
fstable < 0.52 (Figure 7); this means that the majority
of short GRBs do not produce stable remnants. This
agrees with theoretical expectations (e.g., Margalit &
Metzger 2019; see also Piro et al. 2017), although the
exact requirements for post-merger product to form a
disk and launch a GRB jet, as well as how this connects
to the nature of the remnant is still an open question
(e.g., Margalit et al. 2015; Ruiz & Shapiro 2017; Mo¨sta
et al. 2020).
This calculation assumes that BNS mergers are the
progenitors of all short GRBs. If, for instance, NS-BH
mergers contribute significantly to the short GRB popu-
lation (Gompertz et al. 2020), the constraints on fstable
are weakened. Current volumetric rate estimates of NS-
BH mergers are uncertain: a comparison of the upper
limit on the rate of NS-BH mergers from GW facilities
(LIGO Scientific Collaboration & Virgo Collaboration
2019) and the value measured from short GRBs (Fong
et al. 2015) demonstrates that current GW observations
can accommodate any fraction of short GRBs produced
by NS-BH mergers. Meanwhile, population synthesis
studies result in rates that are comparable to (e.g., El-
dridge et al. 2019) or considerably lower than (Belczyn-
ski et al. 2020) the NS-NS merger population. The pa-
rameter space in which a typical 1.4M NS can be dis-
rupted by a BH to produce an observable EM coun-
terpart is extremely limited (Capano et al. 2020; e.g.,
low-mass and high-spin), and it is unlikely that NS-BH
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mergers are the majority progenitor population for short
GRBs.
A second avenue to constrain the nature of the rem-
nant is by more local GW events. Their proximity en-
ables potentially deep constraints on the value of Eej,max
via EM observations or gravitational waves (e.g., Murase
et al. 2018), although this is also dependent on the val-
ues of the microphysical parameters; in particular low
values of B weaken the constraints (e.g., Figure 3; Liu
et al. 2020). Indeed, GW170817 has a low inferred value
of B = 0.0023 (Hajela et al. 2019); from these, we infer
Eej,max = 1.3×1052 erg for the fast kilonova ejecta (Fig-
ure 4). Several studies based on broad-band afterglow
and in particular X-ray observations of GW170817, were
able to rule out a long-lived stable or supramassive rem-
nant (e.g. Margalit & Metzger 2017; Shibata et al. 2017;
Pooley et al. 2018; Margutti et al. 2018). It has been ar-
gued that GW 170817 produced a temporarily stable hy-
permassive neutron star (Margalit & Metzger 2017) and
that this millisecond magnetar could explain the high
ejecta mass, high velocity, and high electron fraction
(Metzger et al. 2018).If the rate of low-mass BNS merg-
ers (less massive than GW170817) is less then the rate
of GW170817-like events, then a weak upper limit on
fstable also comes from the relative rates of GW170817-
like events with respect to the total BNS merger rate
(e.g., fstable < 0.6) but with large uncertainties (Abbott
et al. 2020); in reality, stable remnants are expected to
only represent a small fraction of GW170817-like events.
Observations of future GW events are another route to
quantifying fstable (Margalit & Metzger 2019), although
the largest challenge will be the precise localization of
these events via EM counterparts, and the increasing
sensitivity of future GW facilities which will result in
dimmer counterparts for normal events.
A final avenue to constrain the fraction of stable rem-
nants is via detection in untargeted radio surveys. Short
GRBs are highly collimated, and the observed rate de-
pends sensitively on their opening angles (Coward et al.
2012; Jin et al. 2018). Thus, the short GRB rate is likely
a factor of ≈ 100 lower than the actual rate of BNS
mergers (Fong et al. 2015). In contrast, the synchrotron
radio signal from magnetar remnants is expected to be
relatively isotropic, and thus every BNS merger which
produces a stable remnant should in principle have an
observable radio counterpart, regardless of the direction
of the GRB jet. Therefore, radio remnants from stable
magnetars should be bright radio signals and detectable
in untargeted radio surveys, such as VLASS (Metzger
et al. 2015b), and in turn offer an additional constraint
on fstable.
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Figure 7. The number of radio magnetar remnants de-
tectable at the level of 10σ in a VLASS epoch (NVLASS;
σRMS = 120µJy) versus the fraction of stable remnants in
the BNS merger population (fstable). Characteristic num-
bers are calculated for a stable remnant which deposits
Eej = 10
53 erg in the surrounding medium for varying den-
sities (n0 = 10
−3 − 1 cm−3). The gray shaded and hatched
regions for each density corresponds to the uncertainty in the
BNS merger rate (Abbott et al. 2020). The purple shaded re-
gion corresponds to the range of fstable determined by short
GRBs. We note that NVLASS corresponds to the detectabil-
ity of radio remnants but does not include the contamination
and uncertainties introduced by the proper identification of
slowly-evolving radio transients as radio remnants.
Using the new light curve modeling presented here, we
calculate the instantaneous rate of radio signals from
magnetar remnants found in a single VLASS epoch
(Lacy et al. 2020), NVLASS, by adapting Equation 8 from
Metzger et al. (2015b). Given the fractional sky cover-
age of VLASS (fVLASS = 0.82) and the typical RMS of
a single VLASS epoch (Fν,VLASS = 120µJy), this can
be calculated as
NVLASS = fVLASS × 4pi
3
(
Lν
4piFν,VLASS
)3/2
Rtdur. (4)
Here, Lν is the spectral luminosity of the source in
erg s−1 cm−2 Hz−1, R is the volumetric rate of BNS
mergers in Gpc−3 yr−1, and tdur is the survey timescale
in years. To ensure a detection that is robust enough
to detect variability, we fix Lν to 1/10 of the peak lu-
minosity for a given model (in effect requiring a 10σ
detection). For the value of R, we employ the local
volumetric rate of BNS mergers derived from LIGO
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(R2= 250− 2810 Gpc−3 yr−1; Abbott et al. 2020), and
tdur = 3 years (Metzger et al. 2015b).
To determine Lν , we generate light curve models for
Eej = 10
53 erg (corresponding to stable remnants) at
νVLASS = 3 GHz for varying densities, n0 = 10
−3 −
1 cm−3. We show NVLASS as a function of fstable in Fig-
ure 7, and note that the peak luminosity for the 0.1 and
1 cm−3 cases are similar. For low circumburst densities
of n0 ≈ 10−3 cm−3, only ≈ 1 − 10 are expected to be
detected in VLASS in the most optimistic case where
fstable = 1. On the other hand, if BNS mergers over-
all originate in higher density environments, their radio
remnants should be very luminous and on the order of
≈ 102 − 103 should be detectable. Thus, comparing the
VLASS-detected rate of radio remnants and the result-
ing constraint on fstable with that from short GRBs will
indirectly probe whether all BNS mergers produce short
GRBs, and the connection between jet launching and
remnant stability. In other words, if & 102 − 103 radio
remnants are identified in VLASS, this is in tension with
constraints from short GRBs and will indicate that the
short GRB population is biased. Meanwhile, the non-
detection of any radio remnants in VLASS will constrain
the phase space of environment density and fstable, more
so than is possible with cosmological short GRBs. Fi-
nally, we note the important caveat that NVLASS only
represents detectable number in VLASS. The determi-
nation of whether or not a source is variable and can
be properly identified as a remnant against the variable
radio sky will necessarily be < NVLASS (Metzger et al.
2015b).
7. SUMMARY AND CONCLUSIONS
We have presented new VLA radio limits of nine low-
redshift short GRBs which provide the most constrain-
ing power from the cosmological short GRB population
on energy deposited by magnetars in kilonova ejecta.
We have also presented a uniform re-analysis of all avail-
able radio limits at 5.5 − 6.0 GHz, alongside new light
curve modeling, which is an improvement on past mod-
els by properly incorporating relativistic effects and the
deep-Newtonian regime. We come to the following con-
clusions:
• With the low-redshift sample, we can place lim-
its on the maximum ejecta energies of ≈ 0.6 −
6.7×1052 erg, assuming an ejecta mass of 0.03M.
2 We note that this is not a 90% confidence interval, as the cal-
culation involves the union of rates assuming a uniform mass
distribution, and that derived from GW170817 and GW190425,
but does properly represent the uncertainty in the latest rate
estimates.
This increases to ≈ 1.7 − 14.1 × 1052 erg when
considering larger ejecta masses of 0.1M. For
GW170817, we obtain a limit on the energy in the
fastest kilonova ejecta of Eej,max = 1.3× 1052 erg.
Including all literature data, we find that the frac-
tion of short GRBs that create stable magnetars
must not exceed ≈ 0.5− 0.8.
• We present predictions for the ejecta energies
for varying MTOV, finding a bimodal distribu-
tion with peaks at > 1052.5 erg, corresponding
to indefinitely stable or a fraction of supramassive
magnetar remnants, and peaks at < 1050.5 erg,
corresponding to the ejecta that are not boosted
by magnetar energy deposition (i.e. cases where
the remnant is a hypermassive NS or undergoes
prompt collapse to a BH). Our short GRB limits
consistently rule out indefinitely stable magnetars
which deposit 1053 erg, and a fraction of supra-
massive NS cases.
• Assuming the BNS merger mass distribution fol-
lows the Galactic distribution, the radio limits
constrain MTOV < 2.2M at 2σ confidence, com-
parable to or deeper than existing constraints.
Motivated by the discovery of the high-mass BNS
merger GW190425, an increasing fraction of high-
mass mergers quickly weakens these constraints.
We find a less stringent constraint of MTOV <
2.4M (2σ) assuming a contribution of 40% high-
mass mergers to the current population. Our pre-
dictions can be compared to the true fraction of
high-mass mergers as it is solidified with future
GW detections.
• We find that if current radio surveys such as
VLASS were to detect hundreds to thousands
of stable magnetar remnants from BNS mergers,
then this would imply that most short GRB rem-
nants would be stable, which is at odds with cur-
rent observations.
Going forward, a concerted effort to uncover
radio remnants in surveys (e.g., VLASS, Lacy
et al. 2020; ASKAP/VAST Murphy et al. 2013,
MeerKAT/ThunderKAT Fender et al. 2016), in paral-
lel with dedicated follow-up observations of local BNS
mergers (detected via GWs or low-redshift short GRBs)
will help to constrain the fraction of stable remnants.
In particular, the rate of detection of luminous radio
remnants compared to the constraints from short GRBs
will indirectly address whether short GRBs are a biased
population, and how the launching of a successful GRB
jet is connected to remnant stability. Moreover, as GW
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facilities delineate the true mass distribution of BNS
mergers with additional discoveries, these can be used
in conjunction with short GRB limits to place stringent
constraints on the value of MTOV and the NS equation
of state.
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